INTRODUCTION
Eukaryotic genomes contain much redundancy. A considerable portion of the redundancy is due to repetitive DNA elements (Britten and Kohne 1968) . Many of them do not have any effect on their host organisms' phenotype but propagate themselves within the host genomes (Doolittle and Sapienza 1980; Orgel and Crick 1980) , while some have mutational activities due to insertion into functional genes (Hori et al. 1998; Izsvák et al. 1996) . Their increase or decrease, therefore, alters the genome structure of their hosts (Bickmore and Sumner 1989; Kido et al. 1991) . Changes in genome structure are prone to bring about rapid chromosomal rearrangements (Bernardi 1993; Hastie and Allshire 1989; Wichman et al. 1991) . Since repetitive elements are easily detectable, they are good chromosomal and phylogenetic landmarks (Greene and Seeb 1997; Murata et al. 1993; Wichman et al. 1991) .
Karyotypes of cyprinid fishes have been intensively studied, and most of them have karyotypes rich in biarmed chromosomes. Rhodeus atremius atremius, R. a. fangi and R. a. suigensis, however, have a quite unusual karyotype, with many mono-armed chromosomes (Ojima et al. 1973; Ueda et al. 1996) . Congeneric R. sinensis (= R. lighti and R. uyekii) and R. ocellatus, on the other hand, have typical karyotype rich in bi-armed chromosomes (Ojima et al. 1973; Ueda et al. 1997) . Isolation of chromosomal landmarks will facilitate further studies on structural changes of chromosomes related to such unusual karyotype divergence. For this purpose we tried to isolate repetitive sequences from these three Rhodeus bitterlings. The isolated sequences are similar to each other and may be the products of relatively recent amplification events.
MATERIALS AND METHODS
We tried to isolate repetitive sequences from a male of Rhodeus atremius suigensis from the Yalu River, a female of R. sinensis from the Nen River, and a male of Rhodeus ocellatus ocellatus from Putian, China (Table 1) . Extraction of genomic DNAs from muscle tissue followed Asahida et al. (1996) . We also used several bitterlings from China, Korea and Japan for comparative materials.
Complete HindIII-digests of genomic DNAs of R. a. suigensis, R. sinensis, and R. o. ocellatus were ligated with the compatible site of cloning vector pBluescriptIIKS(+) (Stratagene, La Jolla, CA, USA) and cloned in DH5αF'IQ (Life Technologies, Rockville, MD, USA). Screening of repetitive DNAs followed Naruse et al. (1992) . Prior to labeling the plasmid clone, PCR amplification of the insert sequence with KS and SK primers was employed to cut out the vector sequence. All the labeling, hybridization and detection techniques followed the supplier's recommendations (dig-system; Boehringer-Mannheim, Germany). The post-hybridization washing conditions were 2× SSC, 0.1% SDS (1 ×SSC; 0.15M NaCl, 0.015M Na 3 -citrate) for 10min at room temperature and 0.1×SSC, 0.1% SDS for 5min twice at 65°C. To estimate signal intensity, membranes were scanned with IX-Scan ver. 3.5 on a model IX4025 with the linear sensitivity setting (Canon Sales, Tokyo, Japan) and quantified using NIH Image ver. 1.61 (National Institute of Health, Bethesda, MD, USA). Isolated clones were sequenced from both strands, including one or two deletion subclones using a dye-terminator cycle sequencing kit (Amersham-Pharmacia, Bucks, England) and an ABI373 automated sequencer (PerkinElmer, Norwalk, CT, USA).
We have deposited sequence data obtained in this study in the DDBJ/EMBL/GenBank database under the following accession numbers: AB036406-AB036413.
RESULTS
We first isolated 21 clones from the Rhodeus atremius suigensis individual which showed strong signals upon probing with total genomic DNA of that individual. Plasmid DNAs extracted from these clones were Southern blotted and probed with one of these clones (Rs20) which showed the strongest signal upon the colony hybridization. Two other clones (Rs12 and Rs15) also showed strong hybridization signals with that clone. We then decided to carry out further characterization of a possible highly repetitive DNA family represented by these clones. Two more clones (Rs23 and Rs24) were isolated by colony hybridization with Rs20 as a probe.
We also isolated the homologous elements from conge- Sequencing showed that the structures of the eight clones were close to each other except for frequent indels (Fig. 1, upper panel) . Seven clones out of eight contained a {TTA} n (n=2 to 11) trinucleotide repeat near one end. A 220bp indel was recognizable near the opposite end. The clones showed 95.0 to 99.8% identity with each other, excluding indels and the internal repeat. The apparent transition/transversion ratio was 3.00.
There are several short and a few longer palindromic sequences as well as distantly separated inverted repeat regions. Rigid secondary structures are accordingly predictable for single-stranded sequences (Fig. 1 , lower panel) (∆G =-315.0 to -455.9kcal/mol for normal and -322.4 to -464.3kcal/mol for complementary sequences). As for the consensus sequence, the predicted values are -512.2 and -513.3kcal/mol, respectively. Overlaps between palindromes or between palindromes and inverted repeat regions may indicate the capability of alternative modes of folding (Fig. 1, inset) .
Two regions show similarity with other known vertebrate sequences (Fig. 2) . The region from 790 to 901 in the consensus sequence is similar to the Indian major carp (Catla catla) microsatellite-flanking region (Naish and Skibinski 1998) . The region around 300 to 500 is similar to a cDNA of unknown function from zebrafish (Danio rerio) (Look and Holloway, unpublished; acc. no. AF154992) and to Xenopus laevis zinc finger protein cDNA (Bellefroid et al. 1997) . The zebrafish sequence that is similar to the bitterling repeat contains many stop codons, indicating that this is an untranslated region. The portion of the Xenopus sequence showing similarity with the bitterling repeat is in the upstream untranslated region. There are few palindromic sequences within Fig. 4 . Dot blot hybridization indicating relative copy number of the repetitive elements. Genomic DNAs are of individuals from which we tried to isolate the elements. For genomic DNA and λ-DNA (negative control), 1 to 100ng of DNA was spotted. For the plasmid (Rs24), 0.03 to 30ng was spotted. See Table 1 for abbreviations. these regions homologous with other known sequences, but some complementarities are present in their flanking regions. The existence of palindromes and internal complementalities is characteristic of the MITE (miniature inverted-repeat transposable element) family (Izsvák et al. 1999) , but the repeat of our study is much longer.
Genomic Southern blotting with labeled Rs24 (the longest clone) as a probe revealed two major elements of about 1.0 and 1.3kb (Fig. 3) . The 220bp indel among the clones corresponds approximately with the two size groups detected by Southern blotting. Smeared hybridization signals of moderate strength indicate the presence of interspersed elements homologous with the probe. A partial digestion experiment revealed a very weak ladder pattern, indicating that some portion of the elements constitute a tandem array (Fig. 3, left panel) . A band of about 2.3kb, a putative heterodimer of the 1.0 and 1.3kb elements, was barely visible along with a 2.1kb band, a possible homodimer of 1.0kb elements. Bands at positions expected for other oligomers were also weakly visible. While there was no indication of variabilities within R. atremius, R. ocellatus showed variation within the species, i.e., a lack of a strong signal of the 1.3kb band in R. o. kurumeus. R. sinensis exhibited weak smeared and 1.0kb signals. R. sericeus and bitterlings of other genera exhibited only weak smeared signals.
The amount of the repetitive elements in bitterling genomes estimated by dot blot hybridization with Rs24 probe ranged from 0.29 to 1.36% of the entire genomes: 0.81±0.015% for R. a. suigensis, 1.36±0.093% for R. o. ocellatus and 0.29±0.023% for R. sinensis (Fig. 4) . The DNA content of R. o. ocellatus was determined to be 1.12pg/haploid (55.8% of goldfish; Ojima et al. 1972, Hinegardner and Rosen 1972) . From this value and a postulated average length of the repeat unit being 1.2kb, the approximate copy number of this repeat in the R. o. ocellatus haploid genome is 11000.
DISCUSSION
We have isolated a highly repetitive family of partially tandem and partially interspersed elements. The former component shows the periodical presence of HindIII recognition sites, and the latter has two internal HindIII sites. Sequencing and Southern blotting revealed two major length groups with several indels. Whether each cloned sequence belongs to tandem or interspersed components is unclear, but the consensus sequence may represent the family of elements regardless of their interspersion. The banding pattern on Southern blot membranes indicates that the repeat family is specific to a few species within the genus Rhodeus and that it was relatively recently amplified. The signal intensities are, however, different from species to species. The differences in the banding pattern between R. ocellatus ocellatus and R. o. kurumeus may indicate divergence within the species, as indicated by a few studies of mtDNA analysis (Miyake et al. in press; Kawamura et al. unpublished) .
The repeat family shows some similarities with other fish and higher vertebrate sequences. Since similarity of these sequences along a stretch of over 100bp by chance is hardly likely, these similarities indicate homology. Therefore, incorporation of extant genomic sequences of the host itself into the repeat family happened during the evolutionary course of the family.
Rigid secondary structures inferred from palindromic and inverted repeat sequences might facilitate production of indels through replication errors (Izsvák et al. 1999; Levinson and Gutman 1987; Stephan 1986 ). Possible single-copy sequence-derived regions might transform into repetitive sequences with some complementarity with the flanking sequences.
Dot blotting revealed rapid changes in copy number relative to genome size among some Rhodeus species. R. atremius and R. ocellatus have similar copy number, but mtDNA phylogeny shows that R. atremius is closer to R. sinensis than to R. ocellatus (Okazaki et al. in press) . If the mtDNA phylogeny is correct, we can suggest the following two alternative explanations. (1) The repetitive family of this study originated in a common ancestor of the three species in Rhodeus and rapidly amplified in R. atremius and R. ocellatus genomes independently.
(2) Genome size increase occurred in the R. atremiussinensis lineage and this tendency is especially conspicuous in R. sinensis. Regardless of whether either of these two alternatives is correct, rapid changes in genome structure occurred with diversification of Rhodeus bitterlings.
Since repetitive sequences are easily detectable, they are useful chromosomal and phylogenetic landmarks. This is especially important for bitterlings that show unusual patterns of chromosomal rearrangements consisting of frequent inversions from bi-armed to mono-armed chromosomes (Naoi et al. unpublished) . The repetitive family isolated in this study may be a useful landmark for future chromosomal studies.
